Overexpression of the polycomb group protein enhancer of zeste homologue 2 (EZH2) occurs in diverse malignancies, including prostate cancer, breast cancer, and glioblastoma multiforme (GBM). Based on its ability to modulate transcription of key genes implicated in cell cycle control, DNA repair, and cell differentiation, EZH2 is believed to play a crucial role in tissue-specific stem cell maintenance and tumor development. Here, we show that targeted pharmacologic disruption of EZH2 by the S-adenosylhomocysteine hydrolase inhibitor 3-deazaneplanocin A (DZNep), or its specific downregulation by short hairpin RNA (shRNA), strongly impairs GBM cancer stem cell (CSC) self-renewal in vitro and tumor-initiating capacity in vivo. Using genome-wide expression analysis of DZNep-treated GBM CSCs, we found the expression of c-myc, recently reported to be essential for GBM CSCs, to be strongly repressed upon EZH2 depletion. Specific shRNA-mediated downregulation of EZH2 in combination with chromatin immunoprecipitation experiments revealed that c-myc is a direct target of EZH2 in GBM CSCs. Taken together, our observations provide evidence that direct transcriptional regulation of c-myc by EZH2 may constitute a novel mechanism underlying GBM CSC maintenance and suggest that EZH2 may be a valuable new therapeutic target for GBM management.
Introduction
Glioblastoma multiforme (GBM), also known as grade 4 astrocytoma, is the most aggressive form of malignant glioma. A diffusely infiltrating tumor, GBM is believed to arise from transformation of neural stem cells (1) , and despite aggressive multimodal therapy, remains for the most part incurable, the estimated median survival of affected patients being less than 1 year (2) . Identification of new therapeutic targets and strategies to improve the efficacy of existing forms of therapy are therefore urgently needed.
Cancer stem cells (CSC) in human GBM have recently been identified and shown to constitute a primitive cell population capable of self-renewal and differentiation that has the unique capacity to give rise to new tumors upon serial transplantation (3) (4) (5) . In a subset of GBM, these cells can be enriched by sorting for expression of the surface marker CD133, but their defining properties include in vitro spherogenic potential and in vivo tumor-initiating capacity (6) . Cancer stem/initiating cells are believed to play an essential role in tumor recurrence after therapeutic intervention (7) , and their high chemoresistance and radiation resistance (8) require the identification of alternative therapeutic strategies that could effectively lead to their functional or physical eradication. Although a few signaling pathways, including Sonic-Hedgehog (9) , and the bone morphogenic proteins BMP4 and BMPR1B (10, 11) have been shown to be implicated in GBM CSC maintenance, the mechanisms underlying GBM CSC generation, propagation, and chemoresistance have yet to be elucidated. Increasing evidence suggests that polycomb group proteins (PcG) are implicated in regulating CSC pluripotency and survival (12) , but their role in GBM CSC has not yet been addressed.
Polycomb group proteins were originally identified in the fruitfly as repressors of HOX genes based on mutant phenotypes involving posterior body segment development (12) . Functionally, PcG proteins are grouped according to their association with distinct multimeric complexes known as polycomb repressive complexes (PRC). One such group, called PRC2, consists of the association of EZH2 (enhancer of zeste homologue 2), SUZ12 (suppressor of zeste 12), and EED (embryonic ectoderm development), and is involved in the initiation of epigenetic-mediated gene silencing.
EZH2 is the catalytically active component of the PRC2 complex that participates in transcriptional repression of specific genes by trimethylation of lysine 27 and, to a lesser extent, lysine 9 of histone H3 (13) . EZH2 is upregulated in a broad range of hematopoietic and solid human malignancies, where its overexpression is associated with poor prognosis (14, 15) . A significant number of recently identified PcG target genes are silenced in human tumors by DNA methylation of their promoter. The PRC2 complex could therefore promote tumorigenesis by specifically repressing tumorsuppressor genes, including the major tumor suppressor locus CDKN2A (16), through recruitment of DNA methyltransferases. Other studies suggest that an EZH2-associated methyltransferase complex present in the cytoplasm may be implicated in actin polymerization and may influence cellular adhesion and migration, thereby contributing to tumor dissemination. PcG proteins also play a key role during embryogenesis, as evidenced by the observations that targeted disruption of the PRC2 member EZH2 results in early embryonic lethality (17) and that EZH2-deficient embryonic stem cell lines cannot be established in vitro (18) . Interestingly, the promoters of a significant proportion of PcG target genes in embryonic stem cells are also co-occupied by Oct-4, Sox-2, and Nanog, three transcription factors that are essential in sustaining stem cell pluripotency.
Based on its role in stem cell maintenance and tumor growth promotion, we assessed the effect of targeting EZH2 in human GBM CSCs. Recent work has shown that 3-deazaneplanocin A (DZNep), one of the most potent S-adenosylhomocysteine inhibitors, depletes cellular levels of the PRC2 components EZH2, SUZ12, and EED and blocks the associated histone H3 lysine 27 methylation (19) . One apparent consequence of these effects is the induction of apoptosis in malignant but not in normal cells (19) . Here, we show that DZNep-based pharmacologic disruption of EZH2 as well as short hairpin RNA (shRNA)-mediated downregulation of EZH2 expression in GBM CSC dramatically reduces their clonogenic potential in vitro and tumor-initiating ability in vivo, providing evidence that PRC2 complexes may represent an effective and hitherto unrecognized therapeutic target in the clinical management of GBM.
Materials and Methods
Tumor samples, CSC culture, viability, bromodeoxyuridine, and clonogenic assay. Tumor samples of GBM from three patients undergoing surgical biopsies (Supplementary data 1A) were obtained directly after surgical removal in accordance with local legislation (HUG protocol 04-113). Single-cell suspensions, freshly isolated from tumor samples, were cultivated in DMEM-F12 (Gibco), supplemented with 20% BIT (Stem Cell Technologies) or B27 (1/50 Invitrogen), 10 ng/mL recombinant human epidermal growth factor (EGF; Invitrogen), 10 ng/mL recombinant human basic fibroblast growth factor (FGF; Invitrogen), and 1% penicillin/streptomycin (Gibco). As previously described (3, 4, 6, 20) , nonadherent cellular spheroids derived from these serum-free culture conditions were considered as enriched CSC cultures and were used for subsequent experiments. When DZNep (21) or temozolomide was added to the culture, CSC spheres were grown in growth factor-reduced medium, containing 1 ng/mL EGF and 1 ng/mL FGF. Viability of the cells was assessed by adding trypan blue (1/3,000) to freshly disaggregated GBM CSC spheres and rapidly analyzing samples by FACS using FL3 laser in a FACSCalibur apparatus (Becton Dickinson). Bromodeoxyuridine (BrdUrd) incorporation was assessed according to the manufacturer's instructions. For clonogenic assays, disaggregated GBM CSC spheres were plated as single cells in 10 × 96-well plates and cultivated for 2 wk in serum-free medium devoid of any drug (DZNep or temozolomide). Fresh medium was added every 5 d to renew the growth factor supply.
Human GBM cell lines and adherent primary cultures. Glioblastoma cell lines LN18, T98, and U87MG (kindly provided by Dr. Monika Hegi) were grown in DMEM (Gibco) supplemented with 10% fetal bovine serum (FBS; Gibco) and 1% penicillin/streptomycin (Gibco). Adherent primary cultures (differentiated BT-2 and BT-3) were obtained by growing tumor cells freshly isolated from GBM samples in DMEM-F12 (Gibco), supplemented with 10% FBS (Gibco) and 1% penicillin/streptomycin (Gibco).
EZH2 knockdown and retroviral infection. The sequences of the two different 21-nucleotide shRNAs targeting the human EZH2 sequence were previously described (22) . Sense and antisense oligonucleotides were annealed to form duplexes and inserted into the pSIREN-Retro Q retroviral vector (BD Biosciences Clontech), according to the manufacturer's recommendations, published in the retroviral gene transfer and user manual. Briefly, plasmids containing EZH2 or control shRNA were transfected into GP2 packaging cells to produce the virus used to infect the target gliomaspheres. Viral supernatant was concentrated by ultracentrifugation, using a SW28 rotor (Beckman Coulter), at 19,500 rpm for 90 min. Two rounds of infection, at 24-h intervals, were performed by adding concentrated virus to dissociated spheres. Forty-eight hours after the second round, cells were selected for puromycin (2 μg/mL) resistance for 5 d. The degree of EZH2 knockdown was then assessed by real-time quantitative PCR and Western blot analysis.
Nonobese diabetic-severe combined immunodeficient mice xenotransplantation and survival analysis. For intracranial xenografts, gliomaspheres (500 cells) were implanted at coordinates x = −2, y = 0, z = −2 relative to the bregma point with a sterotaxic apparatus (Kopf Instruments). P values for differences in survival were obtained with a log-rank test. Experimental procedures involving mice were approved by the Etat de Genève, Service Vétérinaire, authorization number 1007/3337/2.
Affymetrix GeneChip array analysis and statistical analysis of the expression data. After 5 d of DZNep treatment, total RNA was extracted from each of the three treated primary cultures and their respective controls, using the RNeasy Mini Kit (Qiagen) according to the manufacturer's recommendations. The quality of total RNA was verified by an Agilent RNA 600 nanoassay and by measuring the 260/280 absorbance ratio. The corresponding quality-tested total RNA was used by the Lausanne DNA Array Facility to perform gene expression profile analysis using the Affymetrix HG-U133 Plus 2.0 Arrays, following the manufacturer's recommendation (for further details, go to the Web site 5 ). For each of the three freshly isolated batches of BT-CSC, Affymetrix analysis was performed by comparing BT-CSC treated with DZNep with their respective control. Normalization and background subtraction were performed with RMA (Irizarry2003) using the "affy" package of Bioconductor (Gentleman2004). Probe sets showing a fold change >2 or <1/2 in all the three samples were retained for further analysis. The gene expression data are accessible from the Gene Expression Omnibus 6 under accession GSE18150. Gene Ontology enrichment analysis. The lists of induced and repressed probe sets were translated into Entrez gene IDs using the annotation files provided by Affymetrix (version na26). Only probe sets associated to a single Entrez gene ID were considered. Gene Ontology (GO) annotations of human genes were obtained from the Entrez gene database (downloaded on December 9, 2008). Overrepresentation of GO annotations was evaluated with an exact one-sided Fisher's test, with Bonferroni correction for multiple testing.
Western blot. Cell lysis, SDS-PAGE, membrane blotting, and immunostaining were performed by standard procedures and protein bands were detected using a chemiluminescent substrate kit (Pierce) according to the manufacturer's recommendations. Primary rabbit anti-EZH2 polyclonal (Cell Signaling) and mouse anti-MYC monoclonal (Invitrogen) antibodies were used. Secondary antibodies were horseradish peroxidase (HRP)-conjugated goat anti-mouse (Bio-Rad) and mouse anti-rabbit (Sigma) antibodies. Western blot band intensity quantification was performed using IMAGE J Software.
Immunohistochemistry. Paraffin-embedded sections of glioblastomas were stained with rabbit anti-human EZH2 (1:50 Dilution, Cell Signaling). HRP staining was performed using biotin-conjugated goat anti-rabbit IgG (Vector Laboratories) and revealed with a DAKO DAB Kit (DAKO).
Chromatin immunoprecipitation. Starting with 20 × 10 6 cells cultured as spheres, chromatin immunoprecipitation (ChiP) was performed following standard procedures using 1% paraformaldehyde as a cross-linking agent. Five micrograms of anti-Suz12 antibody (ab12073, Abcam) or of the isotype-control antibody (rabbit IgG, Dako) were used for the assay. To analyze the precipitated DNA, real-time quantitative PCR was performed using specific primers (see below).
Real-time quantitative reverse transcriptase-PCR. For gene expression assays, cDNA was obtained using Moloney murine leukemia virus reverse transcriptase and RNase H minus (Promega). Typically, 250 ng of template total RNA and 250 ng of random hexamers were used per reaction. Real-time PCR amplification was performed using a Taq Man Universal PCR mastermix and Assays-On-Demand gene expression products or Power SYBR mix and specific PCR primers, in an ABI Prism 7900 instrument (Applied Biosystems). Relative quantification of each target, normalized to an endogenous control (cyclophylin A), was performed using a comparative Ct method (Applied Biosystems). Probes used included human MYC, EZH2, and BMPR1B (Assays-On-Demand gene expression, Applied Biosystems). For ChIP experiments, the following specific primers were used: for human MYC promoter amplification: TCCTCTCTCG CTAATCTCCGC and CCCTCCGTTCTTTTTCCCG, normalized to human neutrophil elastase promoter: TGAATGCGATTGTGCATCCTG and AGGA-CACAGGCGAGGAAAAGAC.
Results and Discussion
EZH2 is strongly expressed in glioblastoma samples and its pharmacologic inhibition impairs GBM CSC self-renewal in vitro and delays tumor initiation in vivo. Assessment of EZH2 expression by immunohistochemistry in paraffin-embedded samples of GBM revealed elevated expression in tumor cells (five of five samples) but no detectable expression in adjacent brain parenchyma (Fig. 1A, left and data not shown) . These observations are consistent with previous reports (23) and with the notion that EZH2 is amplified in a wide range of human malignancies. To study its role in GBM CSC biology, we derived primary CSC cultures from three unrelated human GBM samples (Supplementary data 1A) by allowing expansion, in serum-free conditions, of freshly isolated single-cell suspensions into cellular spheroids, as previously described (20) . Primary cultures of GBM CSCs (henceforth BT-CSC) were then subjected to in vitro treatment with the PRC2 inhibitor compound DZNep at 5 μmol/L, a concentration that has been shown to be sufficient to disrupt PRC2 complexes and to trigger apoptosis in cancer cell lines within 48 to 72 hours, while being harmless to untransformed cells (19) . As reported, treatment with 5 μmol/L DZNep resulted in the reduction of EZH2 protein expression levels (Fig. 1A, middle) . DZNep treatment also altered sphere morphology (Fig. 1A, right) , but had no significant effect on BT-CSC viability, even after 5 days of in vitro treatment (Fig. 1B, left) . Based on the well-established role of EZH2 in cell cycle progression, we assessed the effect of the drug on in vitro cell proliferation. BT-CSC treated with DZNep showed only a moderate reduction of their proliferation rate, as illustrated by a limited 20% decrease in their BrdUrd incorporation (Fig. 1B, right) . To evaluate the effect of DZNep treatment on BT-CSC self-renewal, we performed a clonogenic assay. Gliomaspheres were treated with 5 μmol/L DZNep for 5 days, then disrupted and plated as single-cell suspensions in CSC medium without DZNep, to assess their sphere-forming ability (see Materials and Methods for details). Interestingly, the clonogenic index was diminished by >80% in all samples whereas the same assay performed in the presence of 5 μmol/L temozolomide, the principal cytotoxic drug currently used for GBM, revealed virtually no reduction of BT-CSC clonogenicity (Fig. 1C, left) . This observation is consistent with recent work showing that impairment of glioma CSC self-renewal requires at least 50 μmol/L of temozolomide, a concentration that is 10 times higher than the therapeutic dose used in the clinic (24) .
To determine the effect of a short 5-day in vitro treatment of BT-CSC with DZNep or temozolomide on their tumor-initiating potential, we performed intracranial injection of BT-CSC into immunocompromised mice. Injection of 500 control (solvent) and temozolomide-treated BT-CSC resulted in death of the animals within 25 to 50 days, with no benefit (nonsignificant P values) from temozolomide (Fig. 1C, right) . By contrast, treatment of BT-CSC with 5 μmol/L DZNep before injection significantly extended the survival of all the animals ( Fig. 1C, right ; P values of 0.0005 for each BT-CSC population), suggesting that the short in vitro DZNep treatment was sufficient to decrease the number of tumor-initiating cells in all the BT-CSC samples, resulting in delayed tumor development.
Abrogation of EZH2 function induces transcriptome changes consistent with the implication of EZH2 in epigenetic regulation of gene expression. Our observations suggest that DZNep treatment selectively abrogated clonogenicity of GBM CSC and impaired their tumor-initiating potential. To identify EZH2-regulated genes that may be required for clonogenicity and tumorigenesis of these cells, we analyzed global gene expression profile changes in BT-CSC following 5 days of DZNep treatment. Because the phenotype of the three primary cultures tested was highly similar, we considered only those transcripts whose movement was consistently shared among all three samples. Thus, 823 common genes were observed to be induced (fold change >2) and 508 to be repressed in all three samples (Supplementary data 2) . The top 25 induced and repressed genes, ranked according to average fold change, are shown in a heatmap in Fig. 2A . Interestingly, c-myc was among the top transcripts that were downregulated by DZNep treatment (Fig. 2A, arrow) . Overrepresented GO terms among repressed genes included mitochondrion, mitochondrial part, transport, and transporter activity (Fig. 2B, top) . Overrepresented GO terms among upregulated genes included chromosome, chromosome part, terms related to chromatin and chromatin structure, nucleosome organization, chromatin assembly, and protein-DNA complex, consistent with known epigenetic functions of EZH2 (Fig. 2B, bottom) .
C-MYC is a target gene of EZH2 in GBM CSCs and can partially rescue their DZNep-induced loss of clonogenic potential. Microarray analysis revealed downregulation of c-myc in all three DZNep-treated BT-CSC populations tested. Recent work has shown that c-myc is highly expressed in glioma CSC (25, 26) and that its targeted depletion reduces CSC proliferation and increases their susceptibility to proapoptotic signals, suggesting that c-myc may play a key role in glioma CSC maintenance and survival. These observations are consistent with the notion that c-myc is one of the central genes implicated in genetic reprogramming (27) . Downregulation of c-myc in BT-CSC by the pharmacologic agent DZNep therefore seems to be an important event that may explain, at least in part, the observed decrease in clonogenic and tumorigenic potential; among the top DZNep-deregulated genes, c-myc thus seemed to be an appropriate choice for further investigation. Real-time PCR analysis confirmed ∼90% depletion of c-myc transcripts in DZNep-treated BT-CSC that correlated with a robust depletion of the protein (Fig. 3A, left and middle) . Importantly, temozolomide had no effect on either c-myc transcript or protein expression (Fig. 3A, left and middle) . To determine whether the effect of DZNep on c-myc is specific to CSC, we examined the effect of DZNep on glioblastoma cells grown as adherent monolayers in serum-supplemented medium, which constitute well-established conditions to convert CSC spheres into more differentiated cells with limited tumor-initiating capacity. To that end, we cultivated three GBM cell lines and two primary GBM cultures in serumsupplemented medium and treated them for 5 days with 5 μmol/L DZNep. Remarkably, DZNep had no effect on c-myc expression in any of these five cell cultures (Fig. 3A, right) , suggesting a GBM CSC-specific effect of DZNep; this is consistent with published results on the treatment of established cancer cell lines with DZNep where no effect on c-myc has been reported (19) .
We next asked whether c-myc might alone be responsible for the observed decrease in clonogenic potential of DZNep-treated BT-CSC. We reasoned that using an exogenous promoter might render c-myc expression independent of EZH2. To that end, BT-CSC were infected with a retrovirus expressing c-myc, resulting in a moderate (3-to 5-fold) induction of the c-myc transcript (Supplementary data 1B), probably because of an already high baseline expression level. c-myc-infected BT-CSC were subsequently treated for 5 days with 5 μmol/L DZNep. As expected, c-myc transcripts and protein expressed from an extraneous retroviral promoter were unaffected by DZNep, as assessed by real-time PCR and Western blot analyses (Fig. 3B, left and middle) . Clonogenic assays revealed that c-mycinfected BT-CSC treated with DZNep displayed an ∼40% reduction in clonogenic potential compared with untreated cells, whereas empty vector-infected cells displayed >80% reduction (Fig. 3B,  right) , as initially observed in native BT-CSC. These results indicate that c-myc can partially rescue DZNep-mediated impairment of BT-CSC clonogenic potential and support its role in CSC selfrenewal. The partial rescue, however, indicates that other genes affected by DZNep in BT-CSC are likely to participate in the observed loss of the clonogenic index.
To ensure that the observed depletion of c-myc was due to EZH2 disruption and not to some unrelated effect of DZNep, we depleted EZH2 in BT-CSC using two different EZH2-specific shRNAs and assessed the effect on c-myc transcripts and c-myc protein. EZH2 downregulation resulted in roughly 80% depletion of c-myc transcripts and a robust reduction of c-myc protein (Fig. 4A, left and  middle) , further confirming the existence of a functional relationship between EZH2 and c-myc levels in BT-CSC.
To determine whether the PRC2 complex binds to the c-myc promoter, we performed ChIP experiments using anti-Suz12 antibody, Suz12 being the DNA binding component of the PRC2 complex. Quantitative real-time PCR revealed a 5-to 6-fold enrichment of the c-myc promoter in the anti-Suz12 antibody immunoprecipitate compared with that of the isotype control (Fig. 4A, right) in BT-CSC. By contrast, the same experiment performed in GBM cell lines showed no enrichment of the c-myc promoter in the antiSuz12 antibody immunoprecipitate (Fig. 4A, right) . These results imply that the PRC-2 complex directly binds to the c-myc promoter in BT-CSC spheres, whereas it fails to do so in GBM cell lines grown in serum-supplemented medium, and are consistent with the absence of an effect of DZNep on c-myc transcripts in established cell lines and serum-supplemented medium-grown BT-CSC.
Because the PRC2 complex is mostly a transcriptional repressor, the activating/derepressing effect of Suz12 associated with its binding to a promoter was unexpected. However, the control of c-myc expression is highly complex, and recent data in Drosophila point to a hitherto unrecognized mechanism whereby the PcGrelated protein Su(z)2 antagonizes dmyc autorepression, leading to increased dmyc levels (28) . Such a scenario could explain the observed drop in c-myc levels upon PRC2 disruption in GBM CSCs. It could also be part of a mechanism underlying the high expression level of c-myc in GBM CSCs. Whether a direct or indirect consequence, the high number of downregulated genes upon PRC2 depletion in BT-CSC supports the notion that functionally relevant genes, such as c-myc in the present model, are positively regulated by PRC2 in GBM CSCs.
GBM CSCs depleted of EZH2 lose tumor-forming capacity. To further assess the effectiveness of EZH2 depletion on the ability of BT-CSC to form tumors in vivo, 500 cells of each (BT1-3) BT-CSC population, infected with viruses expressing either EZH2-specific shRNA (two different sequences, targeting different regions of the transcript) or control shRNA, were injected intracranially into immunocompromised mice and the animals were monitored for neurologic signs and survival. Whereas all animals injected with cells containing control shRNAs (6 per BT-CSC population, hence 18 total) died within 45 to 50 days after injection, 32 of 36 animals injected with cells containing EZH2-specific shRNA (6 animals per BT-CSC population and per shRNA, hence 36 total) were alive and symptom-free 100 days following injection when the experiment was terminated (for significant P values for each population of BT-CSC and each shRNA, see figure legends; Fig. 4B, left) . In a parallel experiment, mice were sacrificed at day 35 and the brains were examined for the presence of tumor. Whereas massive tumor growth was observed in all control animals (Fig. 4B, middle) , no histologically detectable tumor growth was observed in animals injected with cells containing EZH2-specific shRNA (Fig. 4B, right) .
An almost complete loss of tumor-initiating potential has been recently observed following disruption of c-myc in GBM CSCs (25, 26) and the observed c-myc downregulation therefore provides a plausible mechanism to explain the loss of tumorigenicity displayed by EZH2-depleted glioblastoma CSCs. However, the mechanistic quantification of the role played by c-myc, which could be evaluated by reexpressing c-myc with a retroviral system in EZH2-depleted glioblastoma CSC, has proven difficult to achieve due to the susceptibility of BT-CSC to multiple retroviral infections. Recently, EZH2-mediated BMPR1B silencing was shown to play a key role in CSC maintenance in a subset of GBM (10) , suggesting that BMPR1B might also be responsible for the decrease in tumorigenic potential in EZH2-silenced BT-CSC. However, we did not observe any effect of EZH2 depletion, either pharmacologic or shRNA mediated, on BMPR1B expression levels (Supplementary data 1C) . Thus, the primary samples that we have tested probably do not belong to the subset of GBM in which BMPR1B is silenced by EZH2.
In summary, we have shown that pharmacologic and shRNAmediated depletion of EZH2 in glioblastoma CSC reduces their ability to form new spheres in vitro and new tumors in vivo. We identified numerous transcripts that were regulated by the S-adenosylhomocysteine and EZH2 inhibitor DZNep and found c-myc to be one gene that is directly regulated by the PRC2 complex in CSC, explaining, at least in part, the mechanisms that underlie the effect of EZH2 depletion on BT-CSC self-renewal and tumorigenicity. Our present work provides evidence that EZH2 depletion may constitute a prime therapeutic strategy for GBM, which, for now, remains an incurable malignancy.
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